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ABSTRACT: A series of hetero-arm amphiphilic molecular brushes (AMBs) with poly(ethylene
glycol) (PEG) and long chain n-alkyl side chains were synthesized via conventional free radical
polymerization (FRP) of mainly 4-vinyl benzyl-PEG methyl ether and N-alkylmaleimide
macromonomers. By varying PEG side chain degree of polymerization (D.P. =12, 16 and 20) and
n-alkyl chain lengths (Ci¢ and Cz0), AMBs with varying combinations of side chain lengths were
produced. This enabled the elucidation of the effect of side chain length on AMB phase behavior,
semicrystalline morphologies and crystallization kinetics, via differential scanning calorimetry,
polarized light optical microscopy and x-ray diffraction experiments. Calculations of segregation
strength together with SAXS measurements indicate that all materials are probably phase
segregated structure in the melt. Most of the AMB materials prepared were double crystalline, i.e.,
contained crystals from alkyl and PEG chains. AMB crystallization was constrained by AMB
architecture, the frustration being most evident in AMBs with combinations of either low D.P.pgg,
or short alkyl chain lengths. Large, well-developed spherulites, implying break-out crystallization
from a weakly segregated melt, were only observed for the AMBs with the combination of the
longest PEG chain (D.P. =20) and longest alkyl chain length (C20). A peculiar behavior was found
when spherulitic growth rates and overall crystallization rates of the PEG chains, within this
particular AMB sample, were determined as a function of crystallization temperature. In both
cases, a distinct minimum with decreasing temperature was observed, probably caused by the
challenges encountered in crystal packing of the PEG side chains, tethered to an amorphous
backbone, which also contained already crystallized Czo chains. This minimum is analogous to
that observed in the crystallization of long chain n-alkanes, or high molar mass polyethylenes with
bromine pendant groups that has been attributed to a self-poisoning effect; this is the first

observation of this phenomenon in AMBs.
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INTRODUCTION

The fabrication of functional nanomaterials, in the solution or solid-state is important for
photonics,' lithography,? electronics,® drug delivery,*>¢ and sensors.”® Ongoing research focuses
on controlling morphology, domain sizes, patterns, and functionality in order to access desired
properties, functions and improved performance. Molecular brushes (MBs), i.e., graft copolymers

with a backbone and side chains, are interesting macromolecular building blocks for nanomaterial

13,14

fabrication.”!® MBs are amenable to either melt!"!? or solution self-assembly, and can also

undergo single-chain folding,'> creating well-defined nanomaterials. MB properties can be

16,17

adjusted by varying the grafting density, backbone flexibility or rigidity, side chain length, and

18,19,20,21

side chain chemistry, with either homo- or heterografts.?” In densely grafted MBs, high

steric crowding results in stiff and extended backbones, decreasing chain entanglements,
significantly reducing viscosities, and in hetero-MBs this can result in faster ordering.!>?* Hetero-
MBs can be accessed by “grafting from” a backbone with different initiator functionalities, e.g.,
OH/Br, via different polymerization mechanisms, e.g., ring-opening polymerization (from OH) or

an atom transfer radical polymerization (from Br).?!?* Alternatively hetero-MBs can be accessed

by copolymerizing macromers with different side chains, i.e., “grafting through”?%2%26.27:28

1,27 t22’26

resulting in statistical,”’ gradien or alternating hetero-MBs, depending on macromers

reactivity.?>%



Hetero-MBs with crystallizable side chains are intriguing materials, the combination of
different crystal structures can influence the morphology and properties of the heterobrush
copolymer in the solid, and solution state, hence such materials are very useful scaffolds for the
facile preparation of nanostructured materials.??*° The crystallization behavior has been shown to
depend on the nature of the backbone, i.e., flexible, semi-rigid or rigid, the grafting densities of
the side chains and the side chain lengths.!® Side chain crystallization, however, is frustrated by
their dense anchoring to a polymer backbone,”!'® which constrains the ordering of the crystallizable

side chains, and the manner in which the chains are integrated into growing crystals.*!

Studies on the effect of the configurational constraints, placed by the hetero-MB
architecture, on crystallization kinetics, and ultimately morphology, however, are still limited.
Herein, we took an in-depth look at amphiphilic hetero-MBs (AMBs) with an amorphous main
chain and two different crystallizable side chains, i.e., poly(ethylene glycol) (PEG) and n-alkyl
moieties. AMB side chain length combinations were systematically varied and the effect on
crystallization kinetics and morphology investigated. The AMBs were prepared by the grafting
through approach, via conventional free radical terpolymerization of macromonomers containing
either PEG or alkyl chains of different lengths, i.e., polar 4-vinyl benzyl-PEG methyl ethers (VB-
PEGQG), tert-butyl diphenyl silyl poly(ethylene glycol) methacrylate (TBDPSi-PEGMA), and apolar

N-alkyl maleimides (MI-Cn), see Scheme 1.

PEGMA incorporation, which was kept at < 10%, is in light of a concurrent solution-state
self-assembly study based on the same AMBs. Side chain crystallization was strongly influenced
by side chain lengths, and possibly backbone rigidity, presumably due to frustration in the
crystalline packing, caused by the brush architecture, as evidenced by differential scanning

calorimetry (DSC) and X-ray diffraction (XRD) studies. Intriguingly, measurements of spherulitic



growth rates (by Polarized Light Optical Microscopy, PLOM) and overall crystallization rate (by
DSC) revealed an unusual minimum with increasing undercooling, reminiscent of the self-

poisoning phenomenon observed in long chain n-alkanes, or high molar mass polyethylenes with
bromine pendant groups.?>33-4

Scheme 1. Synthetic procedure for preparing hAMBs with varying side chain lengths.
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EXPERIMENTAL SECTION

Materials.

Poly(ethylene glycol) mono methyl ethers (PEG, M; ~ 550 g/mol, M, ~750 g/mol and M,

~1000 g/mol, Sigma Aldrich) were azeotropically dried in toluene to remove water. Sodium



hydride (60% dispersion in mineral oil), 4-vinylbenzyl chloride (90%), 1-bromooctane (99%), 1-
bromodecane (98%), 1-bromododecane (97%), 1-bromohexadecane (97%), 1-bromoeicosane
(297%) and poly(ethylene glycol)io methacrylate were purchased from Sigma-Aldrich and used
without further purification. 2,2°-Azobisisobutyronitrile (AIBN, Sigma Aldrich) was
recrystallized from methanol and dried under vacuum. Tetrahydrofuran (THF) and toluene were
purified by stirring over NaOH, followed by distilling from sodium/benzophenone, and stored over

molecular sieves. All anhydrous solvents were bought from Sigma-Aldrich.

Methods.

TH nuclear magnetic resonance (NMR) spectroscopy

'H nuclear magnetic resonance (NMR) spectroscopy was performed on a Varian 300 MHz
VNMRS NMR instrument or a Varian 400 MHz UNITY INOVA NMR instrument equipped with
a Varian magnet (7.0 T). Depending on the solubility of the synthesized compounds various
deuterated solvents were used including, deuterated chloroform (CDCl3), deuterated N,N-

dimethylformamide (DMF-d), and deuterated dimethyl sulfoxide (DMSO-db).

Differential Scanning Calorimetry

A Perkin Elmer Pyris DSC 8500 was used for non-isothermal and isothermal crystallization
measurements and all DSC scans were analyzed using Pyris Manager Software. Temperature and
enthalpy were calibrated with indium and tin standards. The sample weight was ~3 mg in all cases.
For the non-isothermal DSC analyses, the samples were melted in the DSC for 3 min at 70 °C to
erase any previous thermal history. The samples were then cooled at 20 °C-min ! from 70 to —50
°C, held there for 1 min and then heated at the same rate from —50 to 70 °C. The second heating

scan was employed as data in this work.



Some of the samples, as will be shown below, exhibited two well separated crystallization
exotherms upon cooling from the melt. The highest temperature crystallization peak corresponded
to the crystallization of the alkyl side chains, while the low temperature peak was due to the

crystallization of the PEG chains.

Attempts were made to investigate the isothermal crystallization behavior of the first
exothermal peak (alkyl SC crystallization), but analyses were not successful since the alkyl SCs
crystallization and melting temperatures were too close to each other, making accurate isothermal

crystallization measurements impossible.

Isothermal crystallization was therefore only employed to investigate the second
exothermal peaks formed by the crystallization of the PEG side chains, after the alkyl chains had

been crystallized.

Isothermal protocol la: samples were heated to 70 °C and kept at this temperature for 3
min to erase the thermal history. The sample was then cooled from the melt at 1 °C/min to 10 °C
to ensure complete crystallization of the first exothermal peak is identical for each run. The sample
was then further cooled from 10 °C at 50 °C/min to the set crystallization temperature (7,) and
held there for 15 min or longer until saturation was reached. The isothermal crystallization of the
sample was then recorded. A high cooling rate of about 50 °C/min was used to minimize non-
crystallization of the sample during cooling. Finally, the sample was heated at 20 °C/min in order

to record the melting behavior of the isothermally crystallized polymer brush.

Wide-and small-angle X-ray scattering (WAXS/SAXS)

In-situ simultaneous SAXS/WAXS measurements were carried out at the beamline BL11-

NCD in the ALBA Synchrotron Radiation Facility (Cerdanyola del Valles, Barcelona, Spain). The



samples were placed in glass capillaries. The temperature profile was controlled by a Linkam
Scientific Instruments THMS600 stage coupled to a liquid nitrogen cooling system. The hot-stage
was programmed to perform the crystallization and subsequent heating and at the same time
register the SAXS/WAXS patterns. The thermal protocol was as follows: heating from room
temperature to 70 °C, followed by holding for 3 min at 70 °C. Once the thermal history was erased,
the samples were cooled down at 20 °C-min ! to the selected isothermal temperature. After the
isothermal step, the samples were heated at a rate of 20 °C-min '. The energy of the X-ray source
was 12.4 keV (A=1.0 A). SAXS scattering patterns were collected using an ADSC Q315r detector
with a resolution of 3070 x 3070 pixels (pixel size: 102 um?). The sample-to-detector distance was
6388.5 mm, covering a scattering vector q range from 0.2 to 2.5 nm™!. The tilt angle was 0°. WAXS
patterns were recorded using a Rayonix LX255-HS detector with a resolution of 1920 x 5760
pixels (pixel size: 40 um?). The sample-to-detector distance was 126.8 mm, the effective scattering
vector q range was 8-22 nm!, and the tilt angle 30°. The two-dimensional scattering patterns were
integrated radially to one dimensional intensity profiles using the program DAWN, as a function
of the inverse scattering vector, ¢ = 2n/d = 4x sin 6/J, where / is the X-ray wavelength (1 =1.0 A)
and 26 is the scattering vector. The calibration was performed employing silver behenate (SAXS)

and Cr203 (WAXS) standards.

Polarized Light Optical Microscopy (PLOM)

An OLYMPUS BXS51 polarized light optical microscope was used to observe the
spherulitic morphologies. A Linkam LNP95 hot stage connected to a liquid nitrogen system was
used to control the temperature. The samples were prepared by pressing two glass plates in which
a small amount of the sample was sandwiched at 70 °C on a hot stage, subsequently two different

isothermal protocols were employed.



Isothermal protocol 1b: samples were heated to 70 °C and kept at this temperature for 3
min to erase the thermal history. Once the samples formed a thin film, they were cooled from the
melt at 5 °C/min to 10 °C to ensure complete crystallization of the first exothermal peak is identical
for each run. The sample was then further cooled from 10 °C at 50 °C/min to the set crystallization
temperature (7). The samples were then kept at the crystallization temperature until all the

spherulites impinged with each other.

Isothermal protocol 2: samples were heated to 70 °C and kept at this temperature for 3 min
to erase the thermal history. Once the samples formed a thin film, a controlled cooling was applied,
making sure that the cooling rate was 20 °C-min_!, down to the set isothermal 7. temperature. The
samples were then kept at the crystallization temperature until all the spherulites impinged with
each other. Micrographs were taken with a Leica DC420 digital camera. The sizes of the growing
spherulites were measured by Olympus Stream Essentials software at appropriate intervals of time,
and the spherulitic growth rate (G) of the AMB spherulites were calculated from the slopes of the

lines obtained by plotting the spherulite radius against time.

Synthetic Procedures.

4-vinyl benzyl-PEG methyl ethers (VB-PEG),** and N-alkylmaleimides (MI-Cm)*® were

prepared as described in literature.

tert-Butyl diphenyl silyl-PEG o methacrylate macromonomer (TBDPS-PEGMA): A 3-neck
round bottom flask was charged with poly(ethylene glycol) methacrylate (3.5 g, 6.65 mmol, 1 eq.),
BHT (0.131 g, 0.595 mmol) and dry DCM (20 mL) and cooled to 0 °C. The base, DBU (2 mL,
13.3 mmol 2 eq.) was added slowly followed by dropwise addition of fert-butyl diphenyl silyl

chloride (3.46 mL, 13.3 mmol, 2 eq.) in DCM (10 mL). The reaction mixture was stirred for a



further 12 hours at room temperature, followed by the addition of 2 M HCl solution (15 mL). After
phase separation, the organic layer was washed with saturated NaHCO3 (15 mL) solution and a
brine solution (15 mL). The organic layer was dried over MgSQs, filtered and the filtrate
concentrated in vacuo. The resulting yellow oil was further purified by liquid column
chromatography using 80 % EtOAc/hexane as the eluent and flushing the column with acetone to
isolate the pure product in 35 % (1.78 g) yield. "H NMR (300 MHz, CDCls) § 7.69 — 7.64 (m, 4H),
7.44 —7.32 (m, 6H), 6.13 — 6.10 (m, 1H), 5.56 (m, 1H), 4.28 (t, J = 5.0 Hz, 2H), 3.79 (t, J = 5.35
Hz, 2H), 3.75 — 3.69 (m, 2H), 3.67 — 3.59 (m, 34H), 1.93 (s, 3H), 1.03 (s, 9H). 13C (300 MHz,
CDCI3) 6 167.4, 135.7, 133.8, 129.7, 127.7, 125.8, 72.5, 70.6, 69.2, 63.9, 63.50, 26.9, 19.3, 18.4.
FT-IR (ATR, cm-1): 2860 (aliphatic, -C-H stretching), 1717 (-C=0), 1637 (C=C stretch), 1100

(C-O-C), 740 and 703 (-O-Si-diphenyl).

General procedure for synthesis of AMBs: N-hexadecanemaleimide (MI-Ci6) (0.150 g,
0.467 mmol, 1 eq.), VB-PEG22 (0.520 g, 0.467 mmol, 1 eq.), TBDPSi-PEGMA (0.140 g, 0.140
mmol, 0.3 eq.) were first dried, separately, over molecular sieves in a total volume of 3 mL dry
toluene before being added to an argon purged 2-necked flask. AIBN (8.8 mg, 0.054 mmol) in
0.30 mL toluene was added to the system and the reaction mixture was purged for 45 minutes
before being placed in an oil bath at 60 °C for 5 h. The unmodified AMB-PEG2:Cis was purified

by precipitation from diethyl ether (x2) and methanol (x1).

General procedure for AMB side chain modification (step 1): Unmodified AMB-PEG2,Cis
(0.310 g, 0.056 mmol TBDPSi units) was dissolved in ACN (15 mL) in a dry, 2-neck round bottom
flask. 1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) (1.74 pL, 0.011 mmol, 20 mol %) was added
via a pipette and the reaction mixture was purged with argon. Toluene sulfonyl fluoride was

dissolved in dry ACN (1 mL) and added to the reaction flask, followed by stirring under reflux for

10



48 hours. The solvent was removed in vacuo and the crude product was used without further
purification in the subsequent step. (Step 2): Crude AMB-PEG2,Ci¢ was dissolved in dry DMF (15
mL) and added to a dry, 2-neck round bottom flask. An excess amount of NaN3 (0.046 g, 0.700
mmol, 5 eq.) was added and the reaction mixture was heated to 60 °C and stirred for 2 days under
an argon atmosphere. In order to remove the residual macromonomers, the raw product was
purified via dialysis against an acetone/water mixture (1:1 v/v) for 2 days, and 100 % water for 1
day, followed by freeze-drying. "H NMR spectra of the macromonomers and AMBs (before and

after modification) are shown in Figure S1 and Figure S2 in Supporting Information.

RESULTS AND DISCUSSION

Synthesis of AMBs. The “grafting through” method was employed in the terpolymerization of
VB-PEG, TBDPSi-PEGMA and MI-Cn, with systematically varying combinations of D.P.pkG side
chain and alkyl chain lengths. Polymerizations were carried out in toluene under conventional free-
radical polymerization (FRP) conditions using AIBN as a thermal initiator (see Scheme 1, step 1).
The molar feed ratios of VB-PEG/MI-C/TBDPSi-PEGMA were kept at 1:1:0.3, in order for the
composition of the final AMB to consist predominantly of alternating VB-PEG and MI-Cy, side
chains, with a small fraction of TBDPSi-PEGMA incorporated. Subsequently, the TBDPSi-
PEGMA'’s side chain end-groups were converted into azide functionalities by first converting the
silyl ethers into sulfonate esters, before azidization, via a nucleophilic substitution reaction with
NaNj3, Scheme 1.37 SEC derived number average molecular masses (M,) were high, however, they
can only be considered as approximate since they were obtained by SEC calibrated against linear

PMMA standards. Molar mass dispersity values (P) were also high, consistent with the FRP

11



approach used. Typical 'H NMR spectra of the AMBs, before and after modification of the
methacrylate repeat units, are shown in Figure S2. 'H NMR spectra show characteristic resonances
for all three of the macromonomer repeat units in the AMB, as well as the disappearance of vinylic
signals in the chemical shift region 5 — 6.8 ppm representative of the double bonds of each of the
macromonomers, thus confirming the successful brush formation and purification. The
composition of the brushes was estimated by 'H NMR spectroscopy, by comparing the integral
ratios of respective macromonomer signals, see Figure S3. Incorporation of VB-PEG, MI-Cy, and
PEGMA was ~50 mol%, >40 mol% and <10 mol%, respectively. Although we did not characterize
the terpolymer microstructure, it is reasonable to assume that the AMBs have a predominantly
alternating VB-PEG/MI-C,, character, based on the obtained copolymer composition, the known
copolymerization behavior of VB-PEG/MI-Cy derivatives,®® and also the known
terpolymerization behavior of styrene, methyl methacrylate and maleic anhydride.>* Henceforth
the AMB synthesized are referenced based on VB-PEG and MI-C, macromonomers, e.g. in Table
1, AMB-PEG2C12, refers to the AMB with VB-PEG of D.P.pgg side chain =22, and N-alkyl side
chains with 12 carbon atoms. Due to grafting through approach utilized, every backbone repeat

unit bears one side chain (SC), therefore, these AMBs are densely grafted.

Table 1. Characterization details of hAMBs prepared herein

Sample name AMB M, x 1073 AMB Composition
b D.P®
A B C (g/mol) A/B/C mol % (wt %)
AMB-PEG,Cyy  VB-PEG;2/MI-C0/PEGIMA 88 2.8 171 40/50/10 (53/37/10)
AMB-PEGcCy0 VB-PEG;¢/MI-C0/PEGIMA 96 32 163 44.5/52/3.5 (64/33/3)
AMB-PEG»nCy  VB-PEG2/MI-Cro/PEGIMA 113 1.7 163 40.9/50.5/8.6 (66/27.5/6.5)
AMB-PEG»Cis  VB-PEG22/MI-C1/PEGIMA 120 1.9 176 45/52/3 (73/24/3)

3Determined by SEC in DMF, calibrated with PMMA standards. "Degree of polymerization used for calculation
of yN. Calculating DP: VB-PEG, (A): A units=Mn xwt%(A)/Mr(A), MI-Cp, (B):A units=Mn xwt% (B)/Mr(B),
PEGoMA (C): C units=Mn xwt%(C)/Mr(C), DP=A+B+C.

12



Table 2. Calorimetric Data of AMBs

Sample wt % T. (°C) Ty, (°C) AHT, (J/g)P X, (%)
Alkyl PEG* Alkyl PEG Alkyl PEG  Alkyl PEG Alkyl PEG
AMB-PEG ,C20 37 63 213 32 334 9.1 35 29 141 154
AMB-PEG ¢Cao 33 67 219 -182 335 19.7 39 57 158 303
AMB-PEG2,Ca0 275 72.5 25 -12.8 335 26.4 47 62 19.0 329
AMB-PEG,Ci6 24 76 -19.9 38 61 32.4

*Total PEG wt % i.e. VB-PEG2+ PEGoMA
PAH" - melting enthalpy normalised with respect to PEG or alkyl side chain fraction
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Figure 1. Non-isothermal DSC (a) cooling and (b) subsequent heating scans for AMBs at a

scanning rate of 20 °C/min. Green arrow = alkyl side chains, blue arrow = PEG side chains.

Thermal Analysis Using DSC. Figure 1 shows DSC scans obtained during cooling and

subsequent heating scans of the AMBs. The DSC traces for AMB-PEG12C20, AMB-PEG16C20 and

AMB-PEG2,Cy revealed multiple crystallization and melting peaks, indicating that two crystalline

phases were formed corresponding to the different pendant arms. Increasing the D.P.peg of the

AMBs, with a constant alkyl chain length (i.e. AMB-PEG12C20, AMB-PEG6C20 and AMB-

PEG20C20), resulted in an increase in the PEG melting temperature (7)), crystallization

13



temperature (7,) and the normalized melting enthalpies (AH), whilst the calorimetric data for the
alkyl side chain remained constant, see Table 2. This shows that increasing the D.P.pgc side chains
enhances side chain crystallizability, consistent with literature findings that longer side chains can
easily form ordered chain structures.**!®

Interestingly, AMB-PEG2,Ci6 with a shorter alkyl chain length, Ci¢, only showed 7, and
T. for the PEG, and not the alkyl side chains. There are two possible reasons for this. Firstly, the
presence of two chemically different side chains, with different crystal packing modes can frustrate
the packing of the semicrystalline AMB, causing the formation of amorphous alkyl side chains
domains,*? hence longer alkyl chain lengths are required for crystallization to occur. This will be
revisited later when we discuss the XRD results. Secondly, it is generally accepted that the
backbone and a portion of side chains closest to the backbone do not crystallize, and are
incorporated into the amorphous domain surrounding the crystallized side chain portions.*!-?
Additionally, backbone rigidity, and the nature of the linking group, can also influence the length
of the side chains’ crystallizable portion.!”!%4240 More flexible backbones allow for greater
conformational adjustments which in turn enable more alkyl -CH>— groups to enter into the side-
chain crystallites.!” Whilst there is evidence that the size of the chemical junction has an influence
on the crystallization behaviour, this is still to be fully rationalised.'®*?

Our system is based on a rigid, styrene-al/t-maleimide (SMI) backbone. Compared to the
reported, and less rigid poly(styrene-co-maleic anhydride)-g-1-alcohol (SMA-g-CxOH)* and
poly(methyl vinyl ether-alt-maleic anhydride)-g-Cn (PVEM-Cn),'® systems, see Figure 2, it is
reasonable to expect side chain crystallizability to be more hindered with the more rigid SMI

backbone used herein. A combination of these factors, i.e., packing frustrations, backbone rigidity

and the linking group could all be at play here, explaining why in poly(styrene-co-maleic

14



anhydride)-g-1-alcohol (SMA-g-C,OH)*, C14 side chain is observed to crystallize, whilst in this

case Ci6 does not.

SMA-Cm PVEM-Cn, AMB-PEGnCnm

PEG
0]
n n
O H O O H O CH, O\ 0
R R R
R = alkyl side chains PEG

Figure 2. Comparison of MB systems, with different backbones, showing reported SMA-Cn,*’ and

PVEM-Cn'® and the AMB-PEG-Cy, system used herein.

From the endothermic melting peak, the degrees of PEG and alkyl side chain crystallinity,
Xcpee) and Xcakyr) respectively, were estimated relative to the heats of fusion for 100 %
crystalline PEG (AHY,= 188.3 J/g**") and a long chain n-alkyl, (eicosane, AH),= 247.39 J/g*%),
respectively. X (pgg) increased with increasing D.P.peg side chain, see Table 2. Observed X,
values, however, were low, suggesting that only a section of these side chains participate in
crystallite formation. Interestingly, comparing the brushes AMB-PEG12C20, AMB-PEG16C20 and
AMB-PEG2C»0, which have constant C»o, the degree of alkyl side chain crystallinity also slightly
increased with increasing D.P.pec. This could possibly be explained by the higher X (pgs) in AMB-
PEG22C20 compared to AMB-PEG12C20 and AMB-PEG16C20 which in turn promotes the higher

degree of ordering of the alkyl side chains.

Temperature-dependent SAXS/WAXS. The structure of the AMBs was investigated by
WAXS experiments performed during cooling from the melt (70 °C to -50 °C) followed by heating
from the crystalline state (-50 °C to 70 °C). Figure 3 shows the resulting WAXS patterns during
cooling from the melt, followed by heating from the semi-crystalline state. For AMB-PEG2C»o,

AMB-PEG6C20 and AMB-PEG22Cy0, the characteristic reflections for both side chains were

15



detected, whilst for AMB-PEG2,Ci¢, only the PEG reflections were detected. Therefore, the SAXS

results are consistent with the DSC measurements presented above.
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Figure 3. Temperature-dependent WAXS patterns taken during cooling from the melt and

heating from the crystalline state of (a) AMB-PEG2C20, (b) AMB-PEGi6C20, (c) AMB-

PEG22Cy and (d) AMB-PEG2Cis, respectively. Red WAXS patterns indicate that the AMB

is in the melt. Blue arrows indicate PEG crystalline reflections and green arrow indicates the

Cyo crystalline reflection.

The PEG crystalline reflections (blue arrows) are observed at 13.7 and 16.6 nm™! (d = 0.46
and 0.38 nm), corresponding to the (120) and (032) planes, characteristic of the monoclinic cell of

PEG with a = 0.805 nm, b = 1.304 nm, ¢ = 1.948 nm, and p = 125.4°.%+*¢ The relation of the PEG

16



reflections intensity also corresponded to D.P.peg. The Cao peak (green arrow) is observed at 15.1
nm’!, attributable to a hexagonally packed structure of the n-alkyl side chains with an interchain
distance of d = 0.42 nm.*"*4122 The reflection observed at 8.65 nm™! in the WAXS pattern of
AMB-PEG2Ci6 (see Figure 3d) is likely due to an artifact present in the X-ray analysis
instrumentation and not as a result of the crystallization of the polymer. Furthermore, WAXS
measurements taken during cooling from the melt also confirmed the crystallization order of the
side chains, consistent with DSC results. The Cyo reflection appeared first during cooling from the
melt, followed by the PEG reflections, whilst upon heating the PEG reflections disappeared at

lower temperatures than the Cxo.

In order to get more information on the structural evolution and phase transition behavior
of the side chains, analogous temperature-dependent SAXS experiments were conducted. Figure
S4 and Figure S5 show the resulting patterns of the full temperature range for the heating and
cooling cycles, respectively. AMB-PEG2:C2 showed the sharpest primary order reflections,
followed by AMB-PEG12C>0, and both AMBs also showed discernible second order reflections,
in the temperature range where crystals are present according to WAXS and DSC measurements.
The primary scattering of AMB-PEG6C2o, is evident, but it was very weak, whilst that of AMB-
PEG2Ci6 was barely discernible. Both AMBs did not show high order reflections (see Figure S4
(b,d) and Figure S5 (b,d)), suggesting the absence of long-range order. For AMB-PEG2:Cis the
absence of alkyl side chain crystallinity in the brush system likely played a role in the lower crystal
ordering, whilst with AMB-PEG16Cao, the low crystal ordering is probably due to the very high D,
which makes it difficult for optimal lamellar stacking to take place. The morphologies of these two
AMBs polymers were difficult to discern and only AMB-PEG22C20 and AMB-PEG12Czo will be

discussed in further detail.
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Figure 4. Temperature-dependent SAXS patterns of (top) AMB-PEG12C20 and (bottom)
AMB-PEG22C20 upon cooling from the melt (left), followed by heating from the crystalline
state (right). "1" indicates primary peak. Colour indication: Red = AMB is in the melt, green
= due to the scattering of alkyl lamellar stacks (i.e., alkyl long period), blue = due to the

scattering of both alkyl and PEG lamellar stacks.

From the SAXS patterns of AMB-PEG2C2 and AMB-PEG2,C» (Figure 4) a change in

the primary scattering peaks (“1”’) can be seen when the temperature decreases from 30 to 20 °C
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indicating a shift from the molten (red) to the crystalline state (green = alkyl lamellar stacks, blue
= both alkyl and PEG lamellar stacks). For both AMBs, the primary scattering, and its higher order
reflection taken at 20 °C, are in the ratio of 1:2, see black arrows, Figure 4a and ¢, which may be
attributed to crystalline lamellar morphology, with a small d-spacing value of 7.52 nm for AMB-

PEG2Cz0and 7.14 nm for AMB-PEG,C»o.

Looking at AMB-PEG22Cao, a strong scattering around q = ~0.8 nm™' emerged (Figure 4c
and 4d), which may be attributed to the overlap of the diffraction of both alkyl and PEG crystalline
lamellar stacks at temperatures below -10 °C. Close inspection of Figure 4c and Figure 5a reveals
that after alkyl chain crystallization, the peak further moves to lower q values (higher d* values)
when the temperature is lowered and PEG crystallizes. This was confirmed by heating the sample
above the melting temperature of the PEG side chains (~26 °C) at which point the peak began to

disappear (Figure 4d, green) and the long period (d*) decreased (Figure 5b).
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Figure 5. Long period (d*) calculated from SAXS data as a function of temperature during (a)
cooling from the melt and (b) heating from the crystalline state. Colour indication: Red = AMB
is in the melt, green = due to the scattering of alkyl lamellar stacks (i.e., alkyl long period), blue
= due to the scattering of both alkyl and PEG lamellar stacks (i.e., long period of both alkyl and

PEG).

At 60 °C, which is far above the melting temperature of both side chain crystallites, broad
maxima at scattering vectors of d* = 5.3 nm (AMB-PEG22C2) and 6.0 nm (AMB-PEG12C20) can
still be seen, suggesting the existence of microphase separated structures in the melt. This is
consistent with immiscibility of the hydrophilic PEG and hydrophobic n-alkyl side chains and
amorphous main chain. After the crystallization of alkyl or PEG components in the samples, the
SAXS maxima shift to lower q values (higher d” values) due to the scattering of the crystalline
lamellae formed. The change in maxima position suggests that during crystallization substantial
rearrangement of the microphase segregated structures originally present in the melt occurred
during crystallization. Most likely, a break-out phenomena where crystallization prevails over

phase segregation has occurred, as discussed further below in the PLOM section. Further shown
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in Figure 5, the long period values (d") seems to be markedly sensitive to these changes occurring

during crystallization and subsequent melting of the AMBs.

Although the molecular architecture of the AMBs is completely different from that of well-
studied diblock copolymer systems, phase separation for the side chains used herein, is to be
anticipated by comparing with a ‘block copolymer’ equivalent of low molecular weight
polyethylene-block-PEG.* One can get an idea of the segregation strength, i.e., the product of yN
(where x = Flory-Huggins interaction parameter, and N = overall degree of polymerization) for the
various corresponding ‘blocks’, with matching side chain lengths based on the relation x(E/EO) =
—0.2802 + 177.4/T, derived by Sun et al>** The estimated Flory-Huggins interaction
parameter was calculated as 0.252 for both samples and the yN parameters for AMB-PEG12C2o
and AMB-PEG2Cyy were estimated at 43 and 41, respectively. These values are in the
intermediate segregation limit of diblock copolymers typically established for values lower than
¥N = 50 but larger than 10.°! We therefore speculate that AMB-PEG2C20 and AMB-PEG2:Cao
could undergo microphase segregation in the melt, supporting the observation of SAXS peaks
herein. Nevertheless, we have no direct evidence of phase segregation in the melt, apart from the
broad SAXS maxima observed. Taking into account that the brush topology could induce a
lowering of the segregation strength, which has been calculated for linear diblock copolymers, the
possibility that the melt could be homogeneous in these particular brush systems cannot be ruled

out.

With the current data at hand, the broad maxima observed in the melt state by SAXS could
be due to two possible scenarios: (a) an intermediate phase segregation in the melt, in which case
break out crystallization explains the spherulitic morphologies found for one of the samples (see

PLOM section below) or (b) a homogeneous melt, where the maximum observed could be due to
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compositional fluctuations in the melt attributed to the primary structure or to a hole correlation
effect, like the one sometimes observed in melt-mixed diblock copolymers®!. Both crystallization
from either a weak separated melt or a miscible melt would lead to the formation of crystalline

lamellae, as clearly observed by SAXS.

Crystalline Morphologies and Growth Kinetics. The crystalline morphologies of the
AMBs were investigated using PLOM. Thin films of the polymer brushes were crystallized from
the melt at various extents of supercooling. It was, however, only possible to observe spherulites
for AMB-PEG2,C» (see Figure 6a), which had the combination of the highest D.P.peg and longest
alkyl chain lengths used in this study. The spherulites displayed a Maltese cross extinction pattern
and are clearly negative (as indicated by the yellow first and third quadrants, and second and fourth

blue quadrants, when observed with a red tint plate, as in Figure 6a).

The spherulites are formed by the PEG SCs after the crystallization of the alkyl SCs.
Recalling the composition of the AMB-PEG22Cao (see Table 2) sample; the AMB consists of 72.5
wt% PEG and only 27.5 wt% of Czo alkyl chains. From this 27.5% alkyl chains, only 19% can
crystallize during non-isothermal cooling. It is therefore feasible that during isothermal
crystallization, only approximately 20% of the alkyl chains can crystallize (less than 6% of the
total material in the sample). As a result, small crystallized regions of alkyl chains covalently
bonded to the backbone will be present when PEG crystallizes. PEG is however the major
component in the sample and the observation of spherulites in these materials indicates that PEG
crystallization overcame the phase segregation of the material in the melt and caused a break-out
phenomenon or simply formed spherulites from a mixed melt. Break-out is well-known for diblock
copolymers with a weak or medium segregation strengths. >3 However, both crystallization from

either a weak separated melt or a miscible melt could explain the formation of spherulites.
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In brushes with lower D.P.pgg or shorter alkyl chain length combinations, no
superstructural aggregates were observed at the micron scale at least (the optical resolution of
PLOM is limited by the wavelength of light at around 400 nm). This would indicate that they
formed crystalline superstructures with sizes lower than 0.5 pum during their break-out

crystallization or remained micro-phase segregated.

The radial growth rate of the AMB-PEG22Cxo spherulites, as a function of crystallization
temperature 7., from 2.5 to 9.5 °C, was measured. The spherulitic radius increased linearly (see
Figure 6b, enlarged plot is shown in Figure S6 for clarity) with time and the growth rate (G)

remained constant during isothermal crystallization until growth was stopped by impingement.
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Figure 6. (a) Polarized light optical micrographs showing spherulites growth of AMB-PEG2,C»o at
8 °C. Sample heated to 70 °C and cooled to T, = 8 °C, at a rate of 20 °C-min"'. Numbers indicate the
crystallization time. Scale bar = 100 um. (b) Spherulite radius versus isothermal crystallization time,
at various isothermal temperatures. (c) Linear growth rate, G, of spherulites of AMB-PEG2,C»p as a
function T, measured by PLOM. Isothermal protocol 2: Cooling from the melt at 20 °C-min™' to the

established crystallization temperature
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The plot of the experimentally determined spherulitic growth rates (G) as a function of 7
is shown in Figure 6¢. The gradient of the growth rate first displayed the expected increase in G
with increasing supercooling, before passing through a maximum, followed by a dip into a
minimum, the growth rate at 5.5 °C decreasing by ~40 % to the value at 6.5 °C, before it rapidly
increased again with further decrease in temperature. The minimum in G was reproduced via
PLOM with isothermal protocol 1b, by cooling the sample from the melt at 5 °C-min’!, to 10 °C,
to ensure alkyl side chain crystallization, and before cooling further from 10 °C, at 50 °C-min™.

The minimum in G was still observed with decreasing crystallization temperature, see Figure 7a.
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Figure 7. (a) Linear growth rate, G, of spherulites of AMB-PEG2,C» as a function of T, measured
by PLOM. Isothermal protocol 1b: Cooling from the melt at 5 °C-min™! to 10 °C, followed by further
cooling from 10 °C at 50 °C-min! to the established crystallization temperature. (b) Experimentally
determined overall crystallization rate (//zs0%s) as a function of isothermal -crystallization
temperature. Isothermal protocol 1a: Cooling from the melt at 1 °C-min’! to 10 °C, followed by

further cooling from 10 °C at 50 °C-min™! to the established crystallization temperature.
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Furthermore, we performed isothermal crystallization experiments by DSC. These
experiments take into account both primary nucleation and growth. The DSC experimental
protocol employed is described in detail in the experimental part. The sample was cooled at 1
°C'min’! to 10 °C to allow the crystallization of the alkyl chains to saturation. Then the sample
was cooled at 50 °C-min! down to the 7. value, such fast cooling was employed to prevent the
crystallization of the PEG side chains during cooling to 7.. Figure 7b shows a plot of overall
crystallization rate (expressed as the inverse of the half-crystallization time)’* as a function of
crystallization temperature and Figure S7 shows the representative heat flow versus time plot.
Remarkably, a similar minimum is observed in the overall crystallization rate, indicating that
secondary nucleation (or growth) is the rate determining factor of the overall kinetics. The
minimum occurs at slightly different temperature values (within 2 °C), but given the fact that two

techniques are involved, the values are close enough.

This distinct minimum in growth rate (and in overall crystallization rate) is analogous to

observations in the crystallization rate of monodisperse long chain n-alkanes,’>*

methyl-
terminated low molecular weight poly(ethylene oxide) fractions,”® and high molar mass
polyethylenes with precision bromine pendant groups.** It was first explained, for both solution

and melt crystallized systems, by Keller et al.>*’

with the phenomenon termed self-poisoning. It
was ascribed to the fact that chains incorrectly attached to the crystal surface may cause retardation
in further crystal growth.’® Whitelam et al.> recently presented a more general approach using
dynamic mean-field theory and computer simulations to explain self-poisoning of crystal growth
for any type of molecule. They postulated that poisoning is universal in any crystalline molecule

provided the following physical aspects are met: (1) the molecule can attach in at least two different

forms (optimal and non-optimal forms) to the crystal front, (2) the different forms are not
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energetically equivalent and (3) the probabilities of binding to the crystal front for each form are

significantly different.

With this in mind, it is important to reflect back on the architecture of our AMBs and the
various aspects of its structure that may lead to frustration during the crystallization process.
Firstly, the phase segregated AMBs contain PEG and alkyl side chains that are densely anchored
on either side of an amorphous backbone. This may weaken the mobility of the side chains.
Secondly, the presence of two different and crystallizable side chains, with different modes of
packing, i.e., the hexagonal packing of icosane side chains and the helical structure with
monoclinic cell in crystalline PEG may possibly frustrate the packing of the semicrystalline
AMBs. Furthermore, DSC and WAXS measurements showed that the alkyl side chains crystallizes
first followed by the PEG side chains. This ordering whereby the alkyl SCs are crystalline before
the PEG side chains may add further constraints on the crystallization process of the PEG side

chains, presumably leading to the observed minimum in crystallization rate.

SUMMARY AND CONCLUSIONS

In summary, a series of amphiphilic hetero-arm molecular brushes (AMBs) were easily
prepared via grafting through using conventional FRP of monomers and macromonomers
containing either PEG or alkyl chains of different lengths: hydrophilic 4-vinyl benzyl-
(poly(ethylene glycol)) methyl ethers, tert-butyl diphenyl silyl poly(ethylene glycol) methacrylate,
and hydrophobic N-alkyl maleimides. The thermal and structural behavior of these hAMBs
featuring an amorphous main chain and densely packed crystallizable side chains were
systematically investigated. DCS and X-Ray analysis revealed that side chain lengths, and possibly
backbone rigidity affect the crystallization of PEG and alkyl side chains in the brush. AMBs with

combinations of either low D.P.pgg, or short alkyl chain lengths, showed a more constrained
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crystallization behavior, evidenced by lower degrees of crystallinity and were less able to form
well-ordered structures, as revealed by SAXS analysis. The more constrained crystallization, in
the other brushes, probably reduces the ability of the side chains of these brushes to be incorporated
into growing adjacent crystalline lamellae, forcing them into the amorphous phase, further

constraining crystal growth.

AMB-PEG22C30 was the only sample able to form spherulites (due to a break-out
crystallization phenomenon or crystallization from a single phase melt) which could be visualized
by PLOM. The PEG side chains spherulitic growth rate, as well as their overall crystallization rate,
as a function of crystallization temperature, 7, revealed anomalous minima, with increasing
undercooling. Such minima are consistent with the self-poisoning effect observed with long chain
n-alkanes, or high molar mass polyethylenes with precision bromine pendant groups. In this AMB-
PEG22C2 case, we attribute the self-poisoning to frustration during crystallization caused by
having to pack PEG side chains that are attached to the rigid amorphous main chain backbone that
also contains previously crystallized alkyl side chains. This highlights the complexity of
assembling such a material into a double crystalline form. This is the first such observation in

hetero-arm molecular brushes.
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